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Abstract 

A large CP-violating phase uncovered recently by CDF and D0 collaborations in the time- 
dependent CP asymmetry (CPA) of the Bg — > J/^(j) decay clearly indicates that a non-Cabibbo- 
Kobayashi-Maskawa (CKM) phase has to be brought into the 6 — > s transition. We find that 
the model with SU{2)l singlet exotic quarks can not only provide the new phase induced from 
the Z-mediated flavor changing neutral current (FCNC) at tree level, but also strongly relate the 
Bs — Bs mixing, Bg Vgi'^i'^ {Vd[s] = -f^* [</*]) and Bg — > At^/^~ together. In particular, we show 
that the new CP phase can be unambiguously exposed by the large statistical significances of T 
violating observables in Bq — > Vqi'^i" , while the branching ratio of Bg — > fJ-'^ can be enhanced 
to be 0(10-8). 
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CP violation (CPV) has been one of the most mysterious phenomena in high energy 
physics since it was discovered in the K system At B factories, BABAR and BELLE 
have observed both the mixing-induced time-dependent CP asymmetry (CPA) in the os- 
cillation through the golden mode of B ^ J/'^Ks and the direct CPAs in exclusive B irir 
and B ttK decays [2i] , where the former is dictated by the h ^ d transition while the latter 
h ^ s. Although three generations of the standard model (SM) canprovide a unique CP 
violating phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix 3| to interpret the ob- 
served CPAs, it does not provide a solution to understand the matter-antimatter asymmetry 
in the Universe and it does not stop people to search for a new CPV source. 

Nevertheless, it is very difficult to unfold a new CPV phase in the direct CPAs of the 
nonleptonic exclusive decays due to the inevitable large uncertainty of nonperturbative QCD 
effects. Hence, the best environment to look for the new phase is that the QCD effects are 
less involved while the SM contributions are highly suppressed. Now, the dawn to see the 
new effects could be in the Bg system. By the Bg production in Tevatron Run II, besides 



Bs ^ K tt"*" jo], an unexpected large CPV phase has been detected in the mixing- induced 
CPA for Bs J/*0. 

To explain the new phase, we write the transition matrix element for Bg Bg as 

Ml, = Al^e-''"^ + £^^6'"^'^'-^^^ (1) 

where /3, = arg{-VuV^l/VcsVX) is the CPV phase in the SM and 6'f ^ is the new CPV phase 
in some extension of the SM. Here, the convention has been chosen to be the same as that 
in Ref. a. Due .o AP. « A,n. . .he B-syste. g the ti.e-depe„de„t CPA could be 
simplified to be 

- Sj/^, ^ Im (J^^ = sin(2/?. - 4>T) , 

<f>r = arctan ( , '''""^tlp ) (2) 
^ VI - r cos26'^Py ^ ^ 

with r = A^2^ /Af^. By adopting Wolfenstein parametrization 9] of the CKM matrix up 
to 0{X^), in which Vtb = 1 - A^Xy2, Vts = -AX^ + 1/2AX^ (1 - 2(p + zr/)), Kb = AX'^ and 



and Arris = 18.56 ± 0.87 ps ^ [s], respectively, and the large direct CPA of 0.39 ± 0.17 for 



CDF and D0 observations on the Bs oscillation of Am^ = 17.77 ± 0.10 ± 0.07 ps^^ ^\ 
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Vcs = l- AV2 - 1/8A^(1 + 4^2) [10|, one can easily find 

(3s ^ \^r] ^ 0.019 , (3) 

where A = 0.2272 and rj = 0.359 have been used. Clearly, the mixing- induced CPA of Bg 
in the SM is only few percent. Astonishingly, the nonvanished CP phase measured by CDF 



111 and D0 (l2| is 



, [0.24, 1.36] U [1.78, 2.82] (CDF) 
^ 0.57irn^, (D0) 

at the 68% confidence level (CL), while the allowed range at the 90% CL by D0 is given to be 
(ps G [—0.06, 1.20]. Recently, the UTfit collaboration has combined all available information 



in the Bg system and concluded t 



more than 3a from the SM value To explain the large CPV phase in the 6 — > s transition 



lat the CPV phase of the Bg mixing amplitude deviates 



several new physics models have been proposed [13|. In this paper, we explore the effects of 
the large phase in the decays of Bg Vgi~^i~ iVd(s) = K*{(j))), corresponding to 6 — > si~^i~ 
at the quark level. In particular, we will show that the large CPV phase can be directly 
probed by measuring T-odd observables in the decays. 

To comprehend the beauty of using T violation to probe the CPV phase, we briefly 
summarize the characters of CP-odd and T-odd observables. In a decay process, the direct 
CPA or CP-odd observable is deflned by Acp = (f — r)/(f + F), where F (f) is the 
partial decay rate of the (CP-conjugate) process. As a result, Acp oc sin 9^ sin 9st with 
(^w{st) being the weak (strong) phase. Clearly, to have a nonvanished CPA, both phases are 
needed. The efficiency on the CPA is mainly dictated by the uncertain calculations of the 
strong phase. Another way to probe the CPV phase is through the spin-momentum triple 



correlation, such as s ■ {pi x pj) llSl . Il6| for a three-body decay, where s is the spin 



carried by one of outgoing particles and pi and pj denote any two independent momenta. 
The triple correlation is a T-odd observable since it changes sign under the time reversal 
(T) transformation of t — > —t. We note that the T transformation defined here is different 
from the real time-reversal transformation which also contains the interchange of initial and 
final states. By the CPT invariant theorem, T violation (TV) implies CPV. Therefore, the 
study of the T-odd observable can help us to understand the origin of CPV. Intriguingly, 
the T-odd triple correlation is proportional to sin{6^ + dst), which indicates that the strong 
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phase is not necessary to achieve a nonzero T-odd observable. It has been shown in Ref. [l^ 
that T-violating effects in the exclusive b si~^i~ processes are sensitive to new physics 
with small QCD uncertainties, which could provide a good place to directly observe the new 
phase revealed by CDF and D0. 



The transition amplitudes for Bg Vq£^£ = e, //) are given by [16|, [ITJ 

Mi'J = z/i5^.„^e*'^(A)PV + /2e;(A) + /3e*-gP^, 

where Af = VtbV^l, = i-ff,i, = £7^75^, P = ps + Pv, q = Pb - Pv, a = ^ (2) while 
fi = hi {Qi) and 

TUB + my q'^ 



1 1 

h2 = --{mB + mv)CfA^---^P-qC,T, 
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= : + T2 g + - — T3 

niB + my q-^ \ F ■ q 

9i = hi\cf^Cw,Cj=o^ (i = l,2,3). (5) 

Here, mB{m,v) = ^Bqif^Vq)-, Cg^, C*7 and Cio are the Wilson coefficients 13] and the 
definitions of the form factors in Eq. ([5]) can be found in Ref. [l^. Furthermore, to obtain 
T-odd terms, the polarizations of Vq should be kept in the averaged squared-amplitude. To 
achieve the requirement, we have to consider the decay chain Bq PiP2)i~^i~ in 

which P1P2 is Kti{KK) as = K*{(f>). Consequently, the differential decay rate associated 
with these terms is given by 

dr 3a^Gl\Xtf\p\ 

d cos 6 xd cos 6 (,d(j)dq^ ^^^ix^m^^ 

x{Acos^eKsm^ei \M^-\'^ + sm^ Oxil + cos'^ e^) 

i=l,2 

{\Mt? + \M-\'^) - sin 2^^ sin 2^^ sin 

i=l,2 

Y [Mt - Mi) MT - 2 sin^ Ok sin^ 9^ sin 20 

2=1,2 

Y [MtMY*) + 2sin2^K sin 9i sin (f){ImAi i 

i=l,2 

{Mp + M^) - Im{Mt + -Mr)-^2*) + ■■■]}, (6) 
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where 6£{6k) is the polar angle of the lepton (K-meson) in the (Vg) rest frame, \p\ = 
[((m^+my — g^)/(2mB))^ — my]^/^ and and A4f denote the longitudinal and transverse 
polarizations of Vq with their explicit expressions being 



Ml 



M: 




(7) 



respectively. To shorten the expressions, we have only presented the relevant pieces in 
Eq. ([6]), where the three imaginary terms denote the T- violating effects. The whole expres- 
sion for differential decay rate could refer to Refs. [igI, 

From Eqs. ([5j), ([6]) and ([7j), it is easy to show that the large contributions to the T- 
violating effects arise from ImMKMp + M2*) - Im{Ml + Mi)M2* ■ To explore the 
effects, we examine the T-odd observable, defined by {Ot) = J OrdT where Ot is a T-odd 
five-momentum correlation, given by 

Pb -Pk Pb- {pk X p^+) 



T 



(8) 



\Pb\\pk\ \pb\\pk\^i+ 

with = q-pe+ / \f(f. In the Vq rest frame, we note that Ot = cos 6k sin 6^ sin 6i sin 0. To 
signal the nonvanished CPV phase, we employ the statistical significance of the observable, 
defined by 



Integrating all relevant angles in Eq. 

, 2, 0.76 



JOrdT 
{JdT){JO'^dT)' 
)]), we obtain 



(9) 



j=l,2 



M 



0|2 



- ( \M] 

a 



(10) 



To observe the effect at na level, the required number of B mesons is Nb = j {Br ■ e"^). 

We now use the clue of the current data to illustrate our model-independent analysis. 
Although the principle of the minimal flavor violation (MFV) [2^ could be as a dogma to 



rule the new source of CPV 



2l|, to focus on the criterion of the minimal extension of the 



SM, we employ the vector-like-quark model (VQM), in which the vector-like quarks (VQs) 
are SU (2) ^ singlet exotic quarks, as the ones naturally realized in Eq models |22|. Explicitly, 



we include SU{2)l singlet VQs in the SM, where the right-handed component is the same as 
the right-handed down-quark. Since the singlet quarks do not couple to W-bosons directly, 
one of the fascinating characters of the model is that the corresponding CKM matrix is not 
a unitary matrix. By introducing flavor mixing matrices to diagonalize the 4x4 down- 
type quark mass matrix, we will display that the model interestingly leads to Z-mediated 
flavor changing neutral currents (FCNCs) at tree level 23|], which clearly have signiflcant 
impacts on the Bg — Bg mixing, Bq Vqi~^i~ and Bs fJ'~^f^~ processes. We note that the 
non-unitary CKM matrix could result in new contributions to the processes from box and 
penguin diagrams. However, to simply illustrate the new phase, only the Z-mediated effects 
at tree level are considered here, while those from the box and penguin diagrams could be 



referred to Ref. 



24|. 



In the mass eigenstates, the coupling of the Z-boson to fermions is written by 



Q 



2 cos 9w 

13X3 



Fr{V^XFV^']PLFZ^ 







3x1 



Oi 



x3 



Xf = l 



3x3 



(11) 



where g is the coupling constant of SU{2)l, 9w is the Weinberg's angle, Pr{l) = (1 ±75)/2, 
= (q'l, '?3, Q'4) and (e,/i,r) represent quarks (Qs) and leptons (is), c{ is deflned as 
c{ = cL + c{ with 



■-v 



Tf -2sin^ewQf , 4 



(12) 



in which T| and Qf are the third component of the weak isospin and the electric charge of 
the particle, respectively, and ^/ = — 2 siri^ 9wQ / /c{^- Here, as the quantum number of the 
new right-handed VQ is the same as the right-handed down-quark, the tree FNCNs only 
occur in the left-handed quarks. Accordingly, the interaction for b-s-Z is given by 



QCl A23 



s^^PLbZ. + H.c. 



(13) 



2 cos 

with A23 = {'^-iD){Vl^)2A{Vl^)l^ = IA23I ewWT-Ps)]- By Eqs. and ([13]), the transition 
matrix element for the AB = 2 process is obtained as 



4NP 

^12 



23 J 



3^2 



(14) 



As a result, the Bs — Bg mixing in the VQM is 

Am, = Amf^ {l + 2rcos9^^ + \r\^Y^^ . (15) 

From the above equation, it is clear that a large new CPV phase can have a significant 
infiuence on the Bg — Bs mixing. By combining the SM and Z-mediated FCNC, the branching 
ratio (BR) of B^ fJ'~^f^~ is found to be 

= rs.^rn.Jlmj (l - (|^p + |cj|^) , 

^ = ^^^r(Xi) + |A23|c?COSe,^P, 

TTSm Uw 

S = |A23|cf sin^f . (16) 

We can also obtain the effects of the Z-mediated FCNCs on Bg — » Vqi'^i~ decays by utilizing 
the replacement: 



Cio[V, - (Clo - 4^ [V, (17) 

We note that in the following numerical analysis we will concentrate on Bd K*i^i~ as 
they have already been observed. However, the same discussions can be easily applied to 
Bs (f)i+i-. 

In the Z-mediated b ^ s transition, the magnitude IA23I and the phase can be 
determined by the observed Bs mixing and BR of B^ K*^fi~^fi~. We adopt the average 



value of Am, = 18.17 ± 0.86 ps"^ ^, 5| and B{Bd JCV^/i") = (1.22 
as the inputs, while the SM results are taken to be Am^^ = 19.3 ± 6.7 ps~^ [251], B{B, 
K*V+yU")sM = 1-3 X 10"^ y and B{Bs ;U+/i-)sM ~ 0.33 x 10"^ with Vts = -0.04 and 
J'b^ = 0.23 GeV. In order to reveal the strong correlations among Am,, B{Bd — * K*^i'^i~) 
and B{Bs yU+zi") infiuenced by the same parameters, we present B{Bs — > yU^/x~) versus 
Am, [B{Bfi K*^i'^i~)] in Fig. [T](a)[(b)]. From the figures, we see clearly that the Z- 
mediated effects could enhance the BR of Bs fi'^fi~ to be O(10~^), which is close to the 
current upper limit of 4.7 x 10~^ j^^]. With the constrained values of A23 and 0^^, in Fig. [2]^a) 
we show the allowed 0, given by Eq. (j4]). It is wroth mentioning that B{Bs — * K*^i'^i~) 
excludes 0, larger than 0.2 rad. Furthermore, we present the contributions of the new CP 



^*0,,+ ,,-\ — f1 OO+0.38N ^ in-6 
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FIG. 1: (a)[(b)] B{Bs versus Am, [B{Bd K*^£+r)]. 



violating source to the T-odd observable of Eq. ffTOl) in Fig. Et^b). Intriguingly, the new phase 
can lead to a large statistical significance of the T-odd observable in Bq Vq£~^i~ . 

In summary, motivated by the large CP phase found by CDF and D0 in the Bg — Bg 
mixing, we have investigated the SU{2)l singlet VQM. This model can not only provide 
the large phase through the Z-mediated FCNCs at tree level, but also strongly relate Am,, 
Bq Vqi^£~ and B^ processes. In particular, we have shown that the new CP 

phase can be unambiguously exposed by the large statistical significances of the T-violating 
observables in Bq — > Vq£^£~ {Vq = K*, (p). In addition, we have found that B{Bs IJ'^ 
can be enhanced as large as O(10~^). Finally, we remark that the T-violating effects in 
Bq — Vq£^£~ as well as the result on B{Bs — >■ u'^ u~) are accessible at future super-B 



28 



and LHCb 



29| . For example, 4400 events/year for 



factories, such as the SuperKEKB 
B — > K*i'^i~ decays will be produced at the LHCb, corresponding to the accuracy of the 
T-odd observable being around percent level. 
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FIG. 2: (a) Correlation of (ps = 2/3, — (p^^ and AiUg. (b) Statistical significance et of 
K*'^H^fi~ as a function of q'^. 
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